MicroRNAs (miRNAs) are small regulatory noncoding RNAs that are generated in the canonical RNA interference (RNAi) pathway. Drosha, DiGeorge syndrome critical region 8 (DGCR8) and Dicer are key players in miRNA biogenesis. Argonaute (Ago) proteins bind to miRNAs and are guided by them to find messenger RNA targets and carry out post-transcriptional silencing of protein-coding genes. Recently, emerging evidence suggests that RNAi factors have a range of noncanonical functions that are beyond miRNA biogenesis. These functions pertain to various biological processes, such as development, transcriptional regulation, RNA processing and maintenance of genome integrity. Here, we review recent literature reporting miRNAindependent, noncanonical functions of Drosha, DGCR8, Dicer and Ago proteins and discuss the importance of these functions.
The human genome is pervasively transcribed [1, 2] even though only a small proportion (~3%) of it codes for proteins [3] . The question of whether the nonprotein-coding component of our genome, besides ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs), is functional, has been receiving increasing attention. Recent research has provided insights into the functions of some noncoding transcripts. For example, certain noncoding RNAs (ncRNAs) are processed into small ncRNAs, which guide RNA-binding proteins to regulate gene expression in a process commonly known as RNA interference (RNAi). RNAi is best demonstrated by miRNAs, a group of small ncRNAs of~22 nucleotides in length, that guide effectors to messenger RNAs (mRNAs) targets via complementary binding, leading to downregulation of target transcripts. miRNA-mediated gene regulation is regarded as a post-transcriptional gene silencing (PTGS) mechanism because it reduces protein levels by mRNA cleavage or translational inhibition [4] .
The maturation of miRNA involves three central factors, namely Drosha, DiGeorge syndrome critical region 8 (DGCR8) and Dicer [5] . In addition, Argonaute (Ago) proteins directly associate with mature miRNAs to perform PTGS. Primary transcripts (primiRNAs) are generated from miRNA-encoding loci by RNA polymerase II (RNAPII) activity [6] and undergo nuclear processing by Microprocessor, a heterotrimeric complex that comprises one molecule of Drosha and two molecules of DGCR8. Pre-miRNAs are exported into the cytoplasm by Exportin 5 (XPO5), where they are processed by Dicer, with its partner protein TRBP into~22-nucleotide-long miRNA duplexes. A miRNA duplex is subsequently loaded onto one of the Ago family proteins, together with several auxiliary proteins from the GW182 family, to form the RNA-induced silencing complex (RISC). The biological active (guide) strand of miRNA is retained, while the other (template) strand is discarded and degraded [7] . The miRNA guides the RISC to specific target mRNAs by base-pairing with sequences in the transcripts. The key sequences within miRNAs for target recognition are called the 'seed sequences'. The process is complete when the target mRNA is degraded or dissociated from the translation machinery resulting in no protein production. The canonical miRNA pathway is illustrated in Fig. 1 .
A recent study re-evaluated the contribution of Drosha, XPO5 and Dicer in miRNA biogenesis. By using the colorectal cancer cell line HCT116, the authors concluded that Drosha and Dicer are crucial for miRNA biogenesis, with 96.5% and 96% of miRNA species decreased to less than 10% of their initial levels, when the proteins are knocked out respectively. Interestingly, upon deletion of XPO5, only 29% of miRNA levels decreased, indicating that XPO5 is dispensable for the maturation of a substantial proportion of miRNAs [8] .
RNAi factors have been extensively studied due to the importance of miRNA-mediated PTGS, which is involved in many biological processes including development and pathogenesis [5] . Recently, it has become apparent that Drosha, DGCR8, Dicer and Ago proteins, in addition to their roles in miRNA pathway, have functions that are independent of miRNA biogenesis, and these functions are related to various biological processes, including development, transcriptional regulation, RNA processing and maintenance of genome integrity. Here, we discuss the emerging noncanonical functions of miRNA pathway enzymes in various biological processes.
Various roles of Drosha and DGCR8
Drosha and DGCR8 together form the Microprocessor complex and are crucial for the initial step of miRNA maturation: nuclear processing of pri-miRNAs. Drosha is a type III RNase, which has two tandem RNase III domains that recognise stem loop structures, and is the catalytic subunit of the Microprocessor complex [9] . DGCR8 is a cofactor of Drosha, which interacts with and stabilises Drosha through its C-terminal tail domain and its doublestranded RNA (dsRNA)-binding domains [10] . However, according to recent reports [11] , the functions of Drosha and DGCR8 may not be limited to primiRNA processing (Fig. 2 ).
Drosha and DGCR8 in mRNA destabilisation
Even though pri-miRNAs are primary targets of Drosha, Drosha can also target other hairpin-containing transcripts. Genome-wide mapping of nascent The pathway starts with miRNA-coding loci being transcribed by RNA polymerase II (RNA Pol II) into primary miRNA transcripts (pri-miRNA), followed by recognition by the Microprocessor complex, constituted by Drosha and DiGeorge syndrome critical region 8 (DGCR8). After being cropped by the Microprocessor into miRNA precursors (pre-miRNA), the pre-miRNAs are exported into the cytoplasm by Exportin 5 (XPO5), catalysed by RANÁGTP hydrolysis. Once in the cytoplasm, the pre-miRNA is bound by Dicer, with its partner protein TRBP, and undergoes processing into miRNA duplex. The duplex is then loaded onto Argonaute (Ago) proteins and other proteins such as TNRC6A/B/C to form the RNAinduced silencing complex (RISC), where one of its strands is discarded and degraded. The RISC is then guided by the biological active strand to messenger RNA (mRNA) targets, which leads to gene silencing via mRNA degradation or translational inhibition. Drosha substrates using formaldehyde cross-linking immunoprecipitation and sequencing (fCLIP-seq) revealed that Drosha also processes noncanonical substrates, suggesting that it may have functions other than miRNA maturation. Some of these hairpin structures, which are targets of Drosha, are found in exons of mRNAs. The levels of such host transcripts are upregulated upon depletion of Drosha [12] . Another striking example is that the Microprocessor complex regulates the levels of DGCR8 mRNA post-transcriptionally in the nucleus by cleaving the hairpin localised in the 5 0 UTR of the transcript. This mechanism is proposed to be important for the homeostatic regulation of miRNA biogenesis [13, 14] .
There are also reports of Drosha-mediated mRNA destabilisation in development. Loss of the Microprocessor complex leads to loss of stem cell properties and premature differentiation in murine forebrain neural progenitors. Drosha directly destabilises hairpincontaining Neurogenin 2 (Ngn2) mRNA and thus lowering the levels of Ngn2, a neurogenic transcription factor [15] . Another study has shown that the ablation of DGCR8 impairs corticogenesis in mice more pronouncedly than Dicer depletion, a phenomenon caused by dysregulation of the T-box brain protein 1 (Tbr1) transcript, which has predicted hairpin structures in its coding sequence. However, the authors did not observe a change in Ngn2 levels and proposed the existence of distinct Microprocessor complexes with different target affinities [16] . Drosha and DGCR8 are therefore important for maintaining the self-renewal property of murine neural progenitors, which is achieved by destabilisation of transcripts that encode differentiation factors. In addition to neurogenesis, Drosha is implicated in myeloid development wherein it directly destabilises Myosin Light Chain 9 (Myl9) mRNA and target of Drosha 1 (Todr1) mRNA, whose protein products are inhibitors of myelopoiesis and are essential for the development of dendritic cells [17] .
Microprocessor-mediated regulation of retrotransposons in human cells has also been reported [ [21] . Additionally, Drosha is involved in regulating alternative splicing. Drosha binds to the hairpin-containing exon 5 of the eukaryotic Translation Initiation Factor 4H (eIF4H) mRNA and cleaves the transcript at the binding site. The primary function of Drosha binding to eIF4H mRNA, however, may not be destabilisation of the transcript since overexpression of Drosha does not reduce the levels of eIF4H transcript. Instead, Drosha enhances the splicing of exon 5 of the transcript, independent of its cleavage function [22] . The Microprocessor complex also targets an evolutionarily conserved mammalian hairpin embedded in the exonintron junction of DROSHA mRNA for regulation of alternative splicing. In this case, the complex is recruited to the splice site between exon 7 and intron 7 of DROSHA transcript, creating a steric hindrance for U1 small nuclear ribonucleoprotein (U1 snRNP), a component of the spliceosome, and thus promotes skipping of the exon [23] .
Drosha and DGCR8 in maintenance of genome integrity
In 2012, Francia et al. [24] reported that both Drosha and Dicer are important for efficient activation of the DNA damage response (DDR) in human, mouse and zebrafish models. The DDR is a signal transduction pathway for sensing and detecting DNA damage, and instigating cellular response to DNA damage in order to safeguard genome integrity [25] . Depletion of Drosha or Dicer by small-interfering RNAs (siRNAs) impairs formation of DDR foci, which contain auto-phosphorylated ATM, phosphorylated substrates of ATM and ATR (pS/TQ) and MDC1, in irradiated cells. Absence of RNAi factors also attenuates DNA-damage-induced cell cycle arrests at G1/S and G2/M checkpoints. A similar phenotype is observed in irradiated HeLa cells that were permeabilised and treated with RNase A, which digests RNA nonspecifically, suggesting that loss of RNAs can affect DDR. The authors showed that an RNA fraction of 20-35 nucleotides in length, which are proposed to be products of Drosha and/or Dicer, is responsible for regulating efficient DDR foci formation. These small RNAs, termed DNA damage response RNAs (DDRNAs), are derived from sites where DNA damage occurs. The addition of locus-specific synthetic RNAs triggers reformation of 53BP1, an important downstream repair factor, in RNase A-treated NIH 2/4 mouse cells, in which DNA damage is introduced to specific loci through the expression of a restriction enzyme [24] . It is important to note that, despite drawing a great deal of attention, RNA-dependent DDR remains controversial, as we will discuss below. A recent study expands on the role of Drosha in DDR by showing that depletion of Drosha affects DNA repair modulated by both homologous recombination and nonhomologous end joining (NHEJ), as measured by number of 53BP1, BRCA1 and Rad51 foci, and that Drosha is required relatively early after induction of double-strand breaks (DSBs). Furthermore, DNA : RNA hybrids, also called R-loops, are formed around DNA breaks in a Drosha-dependent manner and are important for DNA repair. However, molecular details of R-loop-dependent DDR remain largely elusive [26] .
Drosha also exhibits antiviral functions in human cells infected by Sindbis virus (SINV), a positive- stranded RNA virus, regardless of its association with DGCR8 and miRNA maturation. Drosha impedes the replication of SINV by directly inhibiting RNA-dependent RNA polymerase [27] . Another independent study also found that Drosha translocates to the cytoplasm in response to infection of various RNA viruses and cytoplasmic Drosha cleaves viral RNA, shown by in vitro experiments [28] . DGCR8 is also required for DDR. Specifically, DGCR8 promotes nucleotide excision repair (NER) in human cells through a mechanism that is independent of its RNA processing activity and association with Drosha. In response to UV radiation, Serine (S)153 of DGCR8 is phosphorylated by c-jun N-terminal kinases. Phosphorylated DGCR8 mediates cellular resistance and repair of UV-induced DNA damage via transcription-coupled NER [29] .
Various roles of Dicer
Dicer is best known for its canonical function in the generation of mature miRNA duplexes from pre-miRNAs, endogenous small-interfering RNAs (endo-siRNAs) and long dsRNAs [30] . The cleavage of premiRNAs in mammals with a single DICER gene is fine-tuned by partner proteins, such as TRBP (HIV trans-activating response RNA-binding protein) and PACT (protein activator of PKR), which help to determine the cleavage site of some pre-miRNAs and thus the length of the resulting miRNAs [31] . EndosiRNAs are derived from transposable elements (TE), convergent transcripts and self-complementary hairpin elements in worms, flies, mice and humans [32] . These two types of endogenous small RNAs are involved in gene silencing through establishment of repressive epigenetic marks by recruiting methyltransferases and acetyltransferases to the sites where they originate from [4, 32] .
Dicer is conventionally thought to be a cytoplasmic protein that serves as a processor for pre-miRNAs. However, an increasing body of evidence indicates that functional Dicer can localise to the nucleus [33] [34] [35] [36] [37] [38] . A noncanonical nuclear localisation signal (NLS) was detected within the C-terminal dsRNA binding domain (dsRBD) of Dicer. The dsRBD of Dicer also associates with nuclear transport receptors Impb, Imp7 and Imp8. However, in the context of full length Dicer, the dsRBD NLS may be masked either by other domains of the protein or associating molecules [33] . A study focusing on the murine Dicer protein has challenged the notion of nuclear Dicer and asserted that an endogenously HA-tagged Dicer is exclusively cytoplasmic protein in developing and mature mice [39] . More recently, Burger et al. addressed the question using super-resolution microscopy followed by 3D reconstitution and sensitive biochemical assays and demonstrated that a small fraction (~5%) of HA-tagged murine Dicer indeed localises in the nucleus. Upon DNA damage, HA-tagged murine Dicer is phosphorylated and localises in the nucleus [36] . As we will discuss below, the nuclear localisation of Dicer is important for many of its noncanonical functions (Fig. 3) .
Dicer in biogenesis of tRNA-derived fragments
Apart from miRNAs and endo-siRNAs, Dicer has been implicated in the generation of a group of small RNAs that are derived from tRNAs, called tRNAderived fragments (tRFs) in human cells, mice and zebrafish [40] [41] [42] .
tRFs are classified into three groups according to the position of cleavage. 5 0 tRFs and 3 0 tRFs are derived from the 5 0 and 3 0 ends of mature tRNA transcripts, which are characterised by the addition of the trinucleotide sequence CCA at the 3 0 terminus. 3 0 -U tRFs refer to the tRFs that originate from tRNA precursors that have poly-U residues at the 3 0 terminus [43] . Depletion of Dicer in HeLa and HEK293 cells by RNAi affects the steady-state levels of an RNA fragment that corresponds to the 5 0 end of tRNA Gln . In vitro experiments also showed that recombinant Dicer can produce the aforementioned tRF [40] . Another study reported the expression of a miRNAlike tRF, called CU1276, in developing and mature B cells, and the tRF can impair expression of mRNAs in a sequence-specific manner. Biogenesis of CU1276 is Dicer-dependent and it associates with all four human Ago proteins. Expression of an exogenous CU1276 hairpin represses endogenous levels of singlestranded DNA binding protein RPA1 in 293T and lymphoma B cells by miRNA-like PTGS. CU1276 expression in Burkitt Lymphoma cells reduces cellular proliferation and increases sensitivity to etoposideinduced DNA damage through an RPA1-dependent mechanism [44] .
Evidence for Dicer-dependent tRFs is not limited to human cells. In zebrafish, at least two tRFs that are derived from 5 0 ends of tRNAs, 5 0 tRF-Glu CTC and 5 0 tRF-Pro CGG , can be cleaved by Dicer in vitro. RNAShapes, a software that predicts RNA secondary structure, estimated that 5% of tRNA Glu and 50% of tRNA Pro in zebrafish are likely to fold into long hairpin structures, indicating that they can be recognised by Dicer for processing [42] . In Arabidopsis thaliana, 5 0 tRF accumulation reduces, indicating that DCL1 is important for its biogenesis. These 5 0 tRFs have been found to protect gametes from TE reactivation by targeting and repressing transcripts originating from TE in ddm1 background [45] . Analysis of small RNA sequencing in mouse embryonic stem cells revealed tRFs that map to 3 0 end of the isoleucine tRNA gene transcript. These tRFs can potentially fold into a long hairpin, the canonical RNA structure recognised by Dicer [46] . Furthermore, a study found that Lupus autoantigen La, an RNA-binding protein that stabilises RNA polymerase III (RNAPIII), facilitate proper folding of some tRNAs, preventing them from entering the miRNA pathway, i.e. recognised by XPO5, which can export into the cytoplasm for Dicer processing and Ago loading. However, in the presence of La, a specific isoleucine pre-tRNA still can produce both a functional tRNA and a miRNA-like small RNA that can potentially lead to gene regulation [47] .
However, a number of studies claim that Dicer is dispensable for tRF biogenesis [48] [49] [50] . Meta-analysis of sequencing data from mice, Drosophila and Schizosaccharomyces pombe revealed that mutation in Dicer does not significantly affect tRF levels [49] . Another study looking at A. thaliana mutants that lack Dicer-like proteins also supports the idea that Dicer may be dispensable for tRF biogenesis in plants [50] . It is tempting to speculate that Dicer-dependent tRFs processing has evolved in certain organisms as a mechanism with physiological relevance.
Dicer in transcriptional regulation and RNA processing RNAPII, which is substantially affected in the absence of dsRNA. ChIP-sequencing (seq) data revealed that Dicer interacts with multiple human loci at the chromatin level. Knockdown of Dicer leads to enhanced transcription of sense and antisense transcription of four tested Dicer-associating loci and enrichment in repressive trimethylation of histone H3 at lysine 9 (H3K9me3) marks are detected over these loci, suggesting Dicer-dependent transcriptional gene silencing (TGS). Furthermore, knocking down Dicer leads to an accumulation of dsRNAs, which originate from Dicerassociating loci, in the nucleus in a miRNA-independent manner. Unprocessed dsRNA is eventually exported into the cytoplasm where it activates interferon response resulting in apoptotic cell death [34] . In Drosophila melanogaster, Dicer-2 (Dcr2) preferentially associates with transcriptionally active loci and depletion of Dcr2 changes the behaviour of RNAPII in the promoter-proximal region of several selected genes. Particularly, Dcr2 participates in transcriptional control during heat-shock response [51] . Cytoplasmic polyadenylation of Toll mRNA in D. melanogaster is carried out through a noncanonical mechanism. Recently, Dcr2 has been shown to be necessary for this process. Dcr2 interacts with Wispy, the cytoplasmic poly-A polymerase and promotes cytoplasmic polyadenylation of Toll mRNA and r2d2 mRNA [52] .
Dicer regulates alternative cleavage and polyadenylation (APA), which leads to generation of mRNA isoforms based on the choice of cleavage and polyadenylation (CPA) sites. Dicer knockdown changes the APA profiles of a subset of transcripts in the cytoplasm (3%) and nucleus (6%). ChIP analyses revealed that Dicer associates with proximal CPA site of ETNK1, whose proximal APA isoform reduces when Dicer is depleted, and induces repressive epigenetic mark, dimethylation of histone H3 lysine 9 (H3K9me2) through the action of G9a histone methyltransferase. Heterochromatin induced by nuclear Dicer slows down RNAPII and promotes the proximal CPA site recognition [37] .
Dicer in maintenance of genome integrity
Dicer is highly expressed in developing cerebellum in mice and depletion of Dicer leads to loss of cerebellar progenitor cells. Moreover, Dicer deficiency leads to accumulation of DNA damage in these cells, causing apoptosis. Similar observations were made in rapidly proliferating, Dicer-deficient medulloblastoma cells in which the cells are more sensitive to DNA damaging agents and exhibit increased cell death when compared to wild-type tumours [53] . This study indicates that Dicer is involved in DNA repair.
As discussed above, inactivation of Dicer and Drosha leads to inefficient DDR and the mechanism by which these two proteins regulate DDR involves Dicer/Drosha-dependent small RNA molecules, DDRNAs [24] . Coincidentally, another independent study also reported Dicer involvement in DSB repair in A. thaliana wherein DSB repair efficiency is reduced in dcl2, dcl3 and dcl4 mutants. Deep sequencing uncovered accumulation of small damage-induced RNAs (diRNAs) that are derived from both sense and antisense strands of the sequence around the restriction sites where DSB were introduced. A similar phenomenon was observed in human U2OS cell line [54] . Another study observed an upregulation of Dicer upon DSB introduction. Knocking down Dicer increases SIRT7 binding and decreases the level of acetylation of histone H3 at lysine 18 (H3K19Ac) at DSB sites, which in turn repress the recruitment of NHEJ factors, 53BP1, KU70 and KU80, to DSBs while overexpression of Dicer enhances NHEJ. Remarkably, Dicer protein expression in patient colon cancer tissues is inversely proportional to chemosensitivity of the tissues and tumour progression [55] . These evidences establish a direct connection between Dicer and DDR. A more recent study showed that Dicer is phosphorylated at position S1016 in the platform-PIWI/Argonaute/Zwille-connector helix cassette upon induction of DSBs and recruited to DSB sites to facilitate DDR. Dicer deficiency leads to impaired recruitment of repair factors MDC1 and 53BP1 [35] . This is the first report on phosphorylation-induced nuclear localisation of Dicer in human cells.
Nuclear Dicer has also been implicated in transcription-independent, global-genomic NER, in which it mediates the recruitment of methyltransferase multiple myeloma set domain (MMSET) to the DNA damage site. MMSET induces demethylation of histone H4 at lysine 20 (H4K20me2), which helps to recruit XPA, a crucial factor for NER [56] . In a separate report by the same research group, Dicer facilitates chromatin decondensation in NER, allowing for repair factors to bind. ZRF-1, the H2A-ubiquitin-binding protein, recruits Dicer to the chromatin and this interaction is RNA-dependent but independent of its riboendonuclease activity. Dicer and ZRF-1 mediates chromatin decondensation in a PARP-1-dependent manner [57] .
Mammalian Dicer also takes part in antiviral immunity via a mechanism in which Dicer processes viral dsRNA precursors into siRNAs that suppresses viral activity. These viral-derived siRNAs were not detected until recently because the viruses have evolved strategies to counteract such antiviral immunity by suppressing RNAi [58] [59] [60] [61] .
Various roles of Ago proteins
Ago proteins bind to small RNAs and are characterised by N domain, PAZ (PIWI-Argonaute-Zwille), MID (middle) and PIWI (P-body-induced wimpy testes) domains. Ago proteins are mediators of miRNA function through forming the RISC complex with the small RNAs [62] . The miRNA duplex is first loaded onto an Ago protein, a process which requires the ATP-dependent Hsc70/Hsp90 chaperone machinery [63] . The duplex is then unwound through the action of the N domain, leaving the biological active strand in the complex, thus forming mature RISC [64] . Among all four human Ago proteins, Ago1-4, only Ago2 was thought to have slicer activity [65, 66] , which mediates endonucleolytic cleavage of mRNA [4] . Recently, Ago3 has been reported to also possess slicer ability but such activity is substrate-dependent [67] . Ago proteins have extensive properties that are not limited to miRNAmediated RNAi in the cytoplasm (Fig. 4) .
Ago proteins in functions of tRNAderived fragments
Although controversial, some tRFs have been reported to be products of Dicer processing. Hence, many studies also looked at the association between tRFs and Ago proteins. Selected Dicer-dependent tRFs coimmunoprecipitate (IP) with all four FLAG-tagged Ago proteins while selected RNaseZ-dependent, Dicer-independent tRFs exhibit a preference for FLAG-tagged Ago3 and 4 over FLAG-tagged Ago1 and 2. On the other hand, overexpression of Ago proteins increases the abundances of some tRFs, suggesting that Ago proteins may stabilise the tRNAs or tRFs directly or indirectly. Interestingly, transfection of exogenous DNA oligonucleotides that are complementary to RNase Z-dependent, Dicer-independent tRFs triggers robust gene silencing [41] . Another study found that both 3 0 and 5 0 tRFs strongly associate with Ago1, 3 and 4 but not with Ago2 by meta-analysing photoactivatable ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-CLIP) data from HEK293 cells. Read counts for 3 0 and 5 0 tFs in Ago 1, 3 and 4 PAR-CLIP data are comparable to miRNAs, which are considered as canonical binding substrates for Ago proteins but read counts of tRFs in Ago2 PAR-CLIP are almost zero. Similar patterns were observed in independent Ago1 and Ago2 PAR-CLIP data sets in HEK293 cells [49, 68, 69] .
A recent study reported that endogenous 3 0 tRFs can regulate gene expression via a Dicer-independent but Ago-dependent pathway. These 3 0 tRFs can basepair with target transcripts in association with GW182 proteins-containing RISC. Induction of 3 0 tRF through overexpression of parental tRNA leads to downregulation of endogenous target genes, as evidenced by RNA-seq [70] . This indicates that tRFs may bypass Dicer processing and directly associate with Ago proteins to execute their functions.
Ago proteins in transcriptional regulation and RNA processing
The nuclear localisation of Ago proteins in various organisms is well documented. Ago proteins carry out TGS in various organisms by inducing heterochromatin through recruitment of methyltransferases and acetyltransferases to the chromatin [71] [72] [73] [74] [75] .
Apart from heterochromatin formation, Ago proteins are also involved in RNAi-independent transcriptional regulation and RNA processing mechanisms. Drosophila Ago2 preferentially associates with euchromatin [51, 76] and interacts with core components of the transcriptional machinery [51] . Deletion of Ago2 dysregulates the transcriptional response towards heat shock. Deep sequencing of Ago2-associated small RNAs uncovered strong enrichment of small RNAs derived from sense and antisense strands of promoter regions, regions of heat shock and other genetic loci [51] . Additionally, Ago2 associates with the chromatin via physically interaction with CTCF/CP190 chromatin insulator and is required for the activity of Fab-8 insulator, independent of its catalytic activity [76] . Nuclear Ago2 in Drosophila was subsequently shown to participate in pre-mRNA splicing and transcriptional repression regardless of its catalysis activity. The sites, where splicing is affected upon deletion of Ago2, do not correlate with the loci associated with nuclear Ago2 from ChIP data. Therefore, the effect of Ago2 on pre-mRNA splicing may be mediated by a cofactor of Ago2. Ago2 also downregulates the genes it associates with and these target genes are also bound by Polycomb group, transcriptional repressor proteins [77] .
A study on the genome-wide regulation of Ago1 in plants revealed that Ago1 binds to active genes at the chromatin through interaction with small RNAs and SWI/SNF chromatin remodelling complexes. Deletion of Ago1 results in lower occupancy of RNAPII at Ago1-associated loci, suggesting that Ago1 promotes gene expression by directly or indirectly recruiting the transcriptional machinery. When subjected to hormones and stresses, plant Ago1 binds to stimulusresponsive genes and induce their expression [78] . Human Ago1 associates with RNAPII and promoters of actively transcribed genes and regulates expression of genes that are implicated in oncogenic pathways, such as cell cycle progression, growth and survival [79] . Ago1 and Ago2 can regulate alternative splicing, by inducing H3K9me3 on variant regions of genes, which consequently leads to RNAPII slowdown and spliceosome recruitment [80] . Ago2 binds specifically to actively transcribed tRNA genes and 5S rRNA gene but not to other RNAPIII binding sites. Moreover, it regulates gene expression in a tRNA gene insulator region on chromosome 17 and RNAPIIassociated genes flanking active tRNA genes, in a miRNA-independent manner [81] .
Ago proteins in maintenance of genome integrity
DiRNAs, which are small RNA products generated from the vicinity of DSB sites, are associated with Ago2. A study that investigated the relationship between Ago2 and DSB repair found that Ago facilitates the recruitment of Rad51 to DSB sites. DiRNA binding and catalytic activity of Ago2 are required for the recruitment of the Rad51 recombinase to DSBs but not the interaction between Ago2 and Rad51 [82] . Another group has found that diRNAs, alongside Ago2, facilitate recruitment of methyltransferase MMSET and acetyltransferase Tip60, which induce diand trimethylation of histone H4 at lysine 20 (H4K20me2 and 3) and acetylation of histone H4 at lysine 16 (H4K16Ac) respectively. Similar to previous findings, the diRNA binding and catalytic activity of Ago2 is dispensable for interaction between MMSSET and Tip60 and the DSBs but crucial for their recruitment [83] .
By using high throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP), a recent study has shown that Ago2 binds multiples sites of HIV-1 pre-mRNA. Knocking out Ago2 or depletion of Ago1 results in decrease in intracellular and extracellular viral capsid production while Dicer depletion does not, indicating that the mechanism by which Ago proteins positively regulate viral activity is independent of miRNA function [84] .
Conclusions and perspectives
Here, we summarise the recent findings on the noncanonical functions of Drosha, DGCR8, Dicer and Ago proteins in various biological processes. This is by no means an exhaustive list of the noncanonical functions of all the proteins involved in the miRNA pathway. For instance, the partner protein of Dicer, TRBP, also possesses functions in biological pathways that are not related to miRNA, such as stress response and neuronal development [85, 86] . The diversity of the noncanonical functions reflects the importance of these enzymes beyond the realm of miRNAs. In the following section, we will further discuss these noncanonical functions and interesting questions that can be pursued in the future.
Despite the importance of these miRNA pathway enzymes and their diverse cellular roles, there are reports on viable cell lines that completely lack expression of these proteins [8, 27, 84, 87] . In Dicer-deficient mouse embryonic stem (ES) cells, viability of the cells is not compromised but the cells fail to differentiate. Chromatin modifications and DNA methylation of centromeric repeats are affected upon Dicer knockout in mouse ES cells, leading to accumulation of RNAs transcribed from the centromeric repeats [88] . Ablation of Dicer in early B cell progenitors also lowers their survival rate and deprives them of their differentiating capacity [89] . Bogard et al. reported the first human Dicer-deficient 293T-based cell line called NoDice, wherein all three copies of dicer gene are deleted. These cells proliferate much more slowly than their parental cell line and lose expression of virtually all miRNAs [87] , similar to Drosha-and Dicer-knockout HCT116 cell lines [8] . These evidences point to the fact that Dicer and Drosha may not be essential for cell survival, but they are incredibly important to robustness and at least the differentiating capacity of cells. However, these studies mostly focus on the impact on miRNAs upon deletion of these enzymes, very few have looked at the physiological consequence from the angle of their noncanonical functions. For instance, one may ask the question of whether the deletion of Dicer or Drosha affects DDR in a more pronounced way.
The relationship between Drosha and DGCR8 is complex, as mentioned above. The Microprocessor complex can destabilise DGCR8 mRNA and create a feedback loop that regulates its own levels [13, 14] .
Normally, Drosha and DGCR8 act as a complex to generate pre-miRNAs in the nucleus but sometimes the proteins can also act independently to carry out their noncanonical functions, for instance, in the case of participation of DGCR8 in transcription-coupled NER [29] . Future studies should look carefully at the individual roles of Drosha and DGCR8 to better comprehend the relationship between these two enzymes in the context of their noncanonical functions.
The reports on DDRNAs and diRNAs have similarities, in which they both suggest an unexpected, direct role for small RNAs in DDR [90] . More recently, a study from the research group that discovered DDRNAs has shown that DDRNAs interact with dilncRNAs through RNA-RNA pairing to facilitate DDR focus formation and association with 53BP1 [91] . However, another study, which focused on the role of Drosha in DDR, failed to detect such small RNAs in small RNA-seq data from the cells where sequence-specific DSBs were introduced. Authors suggested that previously reported DDRNAs may come from DNA damage, induced in repetitive sequences or may be degradation products of highly overexpressed loci [26] . Inactivation of Dicer or Drosha and RNase A treatment impairs DDR activation in various biological systems [24] . However, there is no direct evidence demonstrating that the precursors of these small RNAs contain structures that are recognisable and can be processed by either Dicer or Drosha. It is also unclear whether Dicer and Drosha work together or individually to mediate the processing of these precursors, yielding damage-induced small RNAs. More research needs to be done to elucidate the molecular mechanisms underlying RNA-dependent DDR.
Is Dicer responsible for tRF biogenesis? As current data suggest, some tRNAs can fold into structures that are canonical Dicer targets and upon Dicer knockdown, levels of selected tRFs are reduced [40] . However, there are reports that showed otherwise: knocking down Dicer has no effect on most tRF levels [49, 50] . Just like DDRNAs, it is important to understand whether tRNAs, which can fold into various structures according to secondary structure prediction software, can be recognised and processed by Dicer in vivo. Overwhelming evidence shows the association between tRFs and Ago proteins but so far, no report has elucidated the role of Ago proteins in tRF biological functions.
Most studies of Ago proteins focused on Ago1 and 2. Only recently, a report has claimed that human Ago3 has slicer activity, which depends on the nature of the guide RNAs [67] . Very little is known about the noncanonical functional roles of Ago3 and 4, especially their functions in the nucleus. The two main characteristics of miRNA pathway enzymes that can help distinguish their noncanonical functions from canonical ones are subcellular localisation and mechanism of action. Drosha can translocate to the cytoplasm in response to viral infection [28] . Dicer is phosphorylated upon DNA damage and recruited to DSB sites for efficient DDR activation [35] . Dicer is also recruited to the chromatin upon UV radiation for facilitation of NER [56, 57] . Ago proteins are found in both subcellular compartments. In the cytoplasm, their main function is to destabilise mRNAs through miRNA-mediated complementary binding. Ago proteins have extensive roles in the nucleus, ranging from TGS to recruitment of DNA repair factors and transcriptional machinery. In many cases of their noncanonical functions, the catalytic or endonucleolytic activities of miRNA pathway enzymes are not required. They may act as scaffolding proteins for recruitment of other protein complexes or simply directly interacting with other proteins to alter their functions.
Drosha, DGCR8, Dicer and Ago proteins were put on the spotlight owing to their roles in miRNA biogenesis and function. However, gradually it becomes apparent that their roles in the miRNA pathway are just the tip of the iceberg of their functional repertoire. It is therefore important to see them as more than miRNA pathway enzymes and more holistically in future research so that we will not fail to capture the full extent of their functions when studying a particular pathway or phenomenon.
